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METHOD FOR ABATEHVIENT OF VOC IN EXHAUST GASES 
BY WET PULSE CORONA DISCHARGE 

GOVERNMENTAL SUPPORT 

The invention was made in the frame of a 
DOE sponsored project. Project Identification No. DE- 
FC07-00ID13868, The government has certain rights in 
the invention pursuant to that support. 

DESCRIPTION 

There are numerous methods for the waste 

gases treatments from volatile organic compounds 

(VOC) with the help of electrical discharges, and 
particularly with the help of the pulsed corona 
discharge [Malik et al., Chinese *J. Chem. Eng., 7(4) 

(1999)] . To remove one large VOC molecule with the 
help of such methods it is necessary to produce 
several active radicals like OH. The energy price of 
one radical production is very high - about 50 eV per 
radical. As a result, total price of one VOC 
molecule removal (transformation of VOC molecule into 
H2O and CO2) is also very high - about 300 eV. It is 
possible in this case to satisfy the industry demand 
to spend not more than about 10 W-Hour/m^ of the waste 
gas only if VOC concentration is not higher than 
about 30 ppm. Real industrial waste streams such as 
that of the papermaking, metal cleaning and plating, 
plastics manufacture and the like industries have VOC 
contamination several times higher, so usual plasma 
methods for VOC removal are not applicable. 

A new method has been developed that 
combines the corona discharge with the scrubber to 
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provide a '^wef corona discharge. [Fridman at 
al . , 199^*^ Meeting of the Electrochemical Society, 
Washington, March 25-29, 2001; Meeting Abstracts, 
Vol. 2001-1, Abstract No. 196; and Sobacchi et al., 
15^^ International Synposium on Plasma Chemistry, 
Orleans, July 9-13 , 2 001; Symposium Proceedings, Vol, 
VII: Poster Contributions, pp. 3135-3140.] 

To obtain desirable VOC destruction with 
low energy consumption it necessary to make proper 
design of pulsed corona discharge and scrubber. This 
method is applicable to substantially any existing 
waste gas stream that emanates from an industrial 

W site such as a metal cleaning and plating, paint 

p. 

Si manufacturing, plastics manufacturing, petroleum 

f4 refining and dye -making site that also includes a 

W 

wastewater treatment facility. The contemplated 
Q method is illustrated herein in relation to a 

W papemnaking facility. 

m 

yi The target streams for this invention such 

'r! as HVIiC Brownstock Washer Vent Emissions can contain 

various VOCs in varying concentrations, as are seen 

in Table I, below. 
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Table I 
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Emitted VOC 
component 


HVLC Browns tock 
Washer Vent 
Emissions 
according to the 
information of 
NCASI 


'"The worst case 

scenario" 

HVLC Brownstock 

Washer Vent 

Emissions suggested 

by GP 


Dimethyl 
Disulfide 


2 ppm 


20 ppm 


Dimethyl 
Sulfide 


- 


1727 ppm 


Methanol 


83 ppm 


2330 ppm 


Acetone 


3 ppm 




Terpenes 


209 ppm 


62 ppm 


Process Conditions 


Temperature 


103**F 


150°F 


Relative 
Humidity 


100% 


100% 



In the simplest case (shown schematically 
in Fig. 1) the wet corona setup permits for a water 
film to flow on the internal walls of the reactor. 
In a larger scalable geometry a water spray can be 
used instead of water film. 

The corona discharge is generated in a 
wire -into -cylinder coaxial electrode system. The 
inner, high voltage electrode is a 0.5 ram diameter 
Inconel® wire. The Inconel® alloy has been selected 
for its superior heat and oxidation resistance. The 
external electrode is made up of a 60 cm long 
cylindrical glass tube with a 22.2 ram internal 
diameter, sxirrounded by a sheet of perforated metal. 
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The internal wall of the glass txibe is 
covered by a layer of absorbing material, which forms 
a uniformly distributed water film in the reactor • 
The tube is held at the top by a Teflon® holder and 
at the bottom by a stainless steel holder; stainless 
steel was chosen for the bottom of the reactor to 
prevent deterioration of the holder itself due to the 
byproducts expected in the liquid phase, such as 
sulfuric acid. 

The reactor is sealed by means of silicon 
^ o-rings. The top holder contains the connections of 

S the lines for the incoming water and the outgoing 

© gas; water is introduced into the reactor through 

pj sixteen, equally spaced holes with a diameter of ^/aa" 

y (-0.8 mm), to guarantee a uniform injection around 

the circular tube. It also contains the connection 
for the internal, high voltage electrode and for the 
high voltage probe. The bottom holder includes 
threaded holes for the gas inlet and for the water 
ftt outlet. To avoid any contact between this metal 

holder and the high voltage (HV) electrode and to 
prevent the formation of sparks, the wire is fixed to 
the holder through a Teflon® insert, which completely 
contains the lower portion of the wire. 

Power is supplied to the plasma source by a 
thyratron-based power supply, with 100 kQ internal 
resistance and no-load voltage values from 0 to 20 
kv. Pulses of about 100 ns duration and 10 ns rise 
time are applied; they are transmitted to the central 
wire electrode by means of a 50 Q high-voltage, 
coaxial cable. The power of the plasma source is 
varied from 1 to 20 W by controlling the high voltage 
pulse amplitude and the pulse frequency, which could 



5»« 

Q 
W 

•511 

m 
a 
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range from 0.01 to 2 kHz. Voltage is measured using 
a high voltage probe (model P6015A lOOOX, Tektronik 
Inc.), current measurements are performed using a 
standard current monitor (Current monitor #411, 
Pearson Inc . ) . 



should be based on theoretical estimations or 
experimental results. The solubility of a gas in 
water is described by the Henry's law, which states a 
relation between the concentrations of a gas in the 
liquid and in the gas phases. Usually, the Henry's 
law constant kn is defined as: 



in the acpieous phase and pg is the partial pressure of 
that species in the gas phase. The commonly used unit 
for the Henry constant is: 



The higher the value of the Henry's law 
constant for a given compoxind, the higher the 
solubility of that compoiand in water. Values of the 
Henry's law constants for the VOCs of interest are 
shown in Table II, below. Oxidized compounds such as 
methanol, acetone and the intermediate byproducts 
from the oxidation of dimethylsulf ide and a-pinene 
(that are the main siibstances from terpenes in HVIiC 
Browns tock Washer Vent Emissions) appear to have a 
much higher solubility than the non-oxidized species. 



Correct choice of a scrtibber parameters 




Here, Ca is the concentration of a species 
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Table II 

Henry's law constant values in standard conditions 





latm J 


Methanol 
CH3OH 


2.2-10^ 


Acetone 
CH3COCH3 


3.1-10^ 


Dimethyl Sulfide 
CH3SCH3 


9-10'^ 


a-Pinene 
C10H16 


4.9-10"^ 


Butane 
C4H10 


1.2 -lO*"^ 


Sulfur Dioxide 
SO2 


1.2-10^ 



The solubility of a gas in water depends on 
the temperature. When we refer to standard 
conditions (T«=298.15 K) , the Henry's constant is 
denoted as . Henry' s law can be described as a 
function of temperature as: 



where A^H is the enthalpy of solution. 



(3) 



A quasi two-dimensional model of VOCs 
absorption into water was developed. The model is 
based on the solution of the species conservation 
equations for the gas phase and for the liquid phase. 
It yields to the following expression for the 
Destruction and Removal Efficiency (DRE) : 
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where p is the ratio between the convection time and 
the diffusion time and can be written as: 

with: D = diffusion coefficient in air; 

d = electrode separation 

distance ; 

Vg = velocity of the gas; 
L = length of the wet corona 
reactor; and 

a is a ratio between gas and liquid flow rate that is 
expressed as: 

with: Qg = gas flow rate; 

Qvr = water flow rate; 

Vmoi = gas volume per unit mole . 
D and kn are the only parameters related to the 
specified compound whose removal is being analyzed; 
the other factors describe the. geometry of the 
reactor (d and L) and the experimental conditions (Vg, 
Qg and Q„) . 

With the assumption, which holds true if 
wet corona design is made appropriate, that the 
convection time is much longer than the diffusion 
time, i.e. P>>1, a becomes the critical parameter: 
for a >1, the DRE is very low, whereas for a <1 high 
values of DRE are obtained. Because the gas flow 
rate is fixed for particular technology stream and 
Vmox and kn are constant in standard conditions, 
assuming a = a crit=l/ a critical value for the water 



m 

W 

m 



m 



flow rate can be derived as: 

Qy^erii = ^ (7) 

Only a flow rate higher than this critical 
value provides a high removal of a given substance by- 
absorption into the water film. This theoretical 
analysis shows good agreement with the experimental 
results presented below. 

Methanol removal by absorption into water 
was studied in the wet corona reactor. An initial 
concentration equal to 200 ppm of methanol was 
considered. Methanol is the most soluble among the 
organic compounds of interest, as Table II shows. 



The value of the critical water flow rate for 
y absorbing methanol was calculated from the model to 

^ be Qw-crit--0.2 ml/min, in good agreement with the 

experimental results shown in Fig. 2. For a fairly 
low flow rate of the water film (-0.9 ral/min) , the 
111 DRE is almost complete (about 99.9%), suggesting that 

Q 

m an optimal configuration in terms of the geometry of 

the reactor and of the ratio between gas and liquid 
flow rate has been obtained for the removal of 
methanol . 

Acetone removal by absorption into water 
was studied for flow rate of the water film varying 
from 0 to about 2 ml/min. The initial concentration 
of acetone in the gas stream was 200 ppm. For 
acetone, with a 1 SLM gas flow rate, the calculated 
value of the critical water flow rate is Qw-crit about 
1.3 ml/min, higher than for methanol, given the lower 
solubility in water; experimental results, presented 
in Fig. 3, show good agreement with the theoretical 
calculations. A high removal efficiency (about 99%) 
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can be reached using a fairly low water flow rate 
(about 2 ml/min) . 

Thus, absorption into water of compounds with 
high Henry's law constants, such as methanol and 
acetone, appears to be a vsry feasible solution given 
the low water flow rate required, which is, by 
weight, comparable to the gas flow rate or even 
lower; absorption is economically practical for the 
removal of these compoaands from industrial gas 
streams when water is readily available (as in the 
case of the paper industry) . 

According to our invention all soliible VOC 
components, like methanol or acetone, are removed 
from the stream by water, and the only one radical OH 
produced by the pulsed corona discharge is used for 
treatment of one molecule of insoluble VOC, like 
dimethyl sulfide . 

Molecules of insoluble VOCs are non-polar; 
this is a reason of their very low solubility. After 
the interaction of OH radical with the molecule of 
insoli±>le VOC, this molecule transforms into a new 
molecule or radical, which is polar and more soluble. 
Then this more soluble substance is removed by the 
water stream of the scriibber. As a result not more 
than 50 eV per molecule of VOC is spent, and this 
system is applicable for the waste stream with higher 
level of contamination (about 200 ppm of insoluble 
VOC and any reasonable level of solxible VOC) . 

For example, in this system, one need only 
spend 10 W-Hour/m^ for the waste gas treatment to 
reach 90% DRE for the case of the next VOC 
composition (Table 3) . 



Table 3 

Gas composition tested in study 



1 Ingredient 


VOC content (ppm) 


Dimethyl Sulfide 


50 


Methanol 


200 


Acetone 


200 


a-Pinene 


50 



During this study, the gas flow rate was 1 
SLM, and water flow rate was 1-5 ml/min. 

Usually, the radicals being dissolved in 
the water produce acidic solutions (pH < 7) . 
Additionally, ozone molecules from the corona 
discharge also dissolve in the scrubber water to make 
it more acidic. As a result, the corona device is 
built from the materials that are stable to acidic 
solution: stainless steel, plastics, glass, carbon 
materials, and the like. 

One basis for the application of the 
present invention to exhaust gases of paper industry 
or a similar industry is the presence of a huge 
amount of wastewater in this industry. As a result, 
a small amount of wastewater provided from the 
scrubber does not create a problem; i.e., the 
scrubber wastewater can be mixed with the existing 
wastewater and the mix can be treated later according 
to the existing techniques. If at the particular 
plant the main wastewater is alkaline (pH > 7) , an 
interaction of the scrubber wastewater with the main 
wastewater stream results in oxidation of the 
remaining dissolved VOC into H2O and CO2; i.e., in the 
waste mix water cleaning. 

If the particular plant has the wastewater that 
is of such quality that it can be used in spray 
systems and does not produce considerable amount of 
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VOCs during spraying, this wastewater can be used in 
the corona scrubber. 

Currently, the Regenerative Theimal 
Oxidizers (RTO) are used for VOC treatment in the 
paper industry [see, Harlcness et al . , NCASI Technical 
Bulletin No. 795^ September (1999)] . These devises 
are very good for a high level of contamination, when 
VOC oxidation provides a substantial amount of 
energy. Otherwise, a lot of natural gas should be 
used for RTO operation. Other disadvantages of RTO 
are the SO2 emission in the typical case of sulfur- 
contained VOC and cyclic operation resulting in 
cracking of the ceramic parts of RTO and high capital 
and operation expenses. The technology described 
herein is believed to be economical reasonable in the 
case of low energy consumption as can be seen from 
the annualized cost comparison between the Wet Corona 
and RTO processes shovm in Fig. 4. 
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Fig. 3 




0 0.5 1 1.5 2 



Water flow rate [ ml/min] 
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Annualized costs comparison for 25,000 scfm stream 




RTO - Operation * 
Cost 



RTO- Capital 
Cost 



RTO -Total Cost 



Wet Corona - 
Operation Cost 



Wet Corona - 
Capital Cost 



Wet Corona - 
Total Cost 



Plasma processing energy cost 
[Watt-hour/cubic meter] 
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